Downwind of the leading edge of a saltating surface, the saltation process develops toward an eventual streamwise equilibrium. The nature of this development is investigated in a portable wind tunnel by measuring the vertically integrated streamwise flux Q of saltating sand grains as a function of distance x from the leading edge of the erodible surface, at wind speeds between 8 and 13 m s -1 It is found that Q(x) increases from zero at x = 0 to a maximum value at x around 7 m, before decreasing toward an eventual equilibrium value (about half the maximum value) when x is greater than about 15 m. These results are in qualitative agreement with two recent numerical simulations of the approach of saltation to equilibrium. The experiment indicates the minimum length of wind tunnel required for studying the saltation process in its equilibrium state, and the order of magnitude of the measurement errors if shorter tunnels must be used.
INTRODUCTION
Saltation, the bouncing motion of windblown grains across an underlying granular surface, is a principal mechanism for aeolian sand and soil transport. It is the primary process responsible for the formation of sand dunes and fenceline drifts. Also, the bombarding action of saltating soil particles plays an important part in the release of fine, nutrient-rich dust particles into the atmosphere; these fine particles become suspended and can be transported over large (up to continental) distances, thereby depleting the source soil of nutrients.
The dynamics of saltation involves an interacting set of momentum transfer processes between the air, the saltating particles, and the soil surface. Basic aspects of saltation dynamics were established by the pioneering work of Bagnold [1941] and Owen [1964] , but only recently have attempts been made to model numerically the complete set of feedbacks governing saltation [e.g., Werner, 1990; Anderson and Haft, 1991; McEwan and Willetts, 1991; Sorensen, 1991] . Four interacting components of the saltation process were identified by Anderson and Haft [1991] : particle lift-off by aerodynamic forces, particle aerodynamic response characteristics, particle ejection or "splash" by impact, and the modification of the wind profile by the saltation. Based on this simplified conceptual model, Anderson and Haft were able to simulate the development of saltation in time, or with distance downwind from the leading edge of a saltating surface. They obtained two significant conclusions: first, a considerable distance is required for the process of saltation to reach an equilibrium, when the vertically integrated streamwise flux Q (hereafter called the streamwise flux) becomes independent of streamwise distance x. Second, in the initial stage before equilibrium is reached, Q increases rapidly with x to a maximum value, before decreasing to its eventual equilibrium value; this is the "overshooting" of saltation. The overshoot occurs because the initially high wind speed (over the relatively smooth, nonsaltating surface) induces a rapid "saltation cascade," which is eventually moderated and brought to equilibrium by a reduction in the wind speed near the bed, caused by 
RESULTS
An example of the basic data set from the experiment is shown in Figure 3 , where the profiles of the direct measurements of q(x, z) at x = 1, 6, and 14.5 m (averaged over the available runs for a given location) are shown for the four different wind speeds used. In all cases, q decreases rapidly with height. The maximum depth of the saltation layer is always lower than the maximum trap height (z = 410 mm). The dependence of q on z can be well described empirically by a function of the form 
where C 0, C1, and C2 are fitted parameters. This form was fitted to each of the profiles in Figure 3 by a least squares method, and then integrated vertically to calculate Q(x).
The resulting values for the streamwise flux Q(x) are shown in Figure 4 . The qualitative evolution of Q is similar at all four wind speeds, and can be divided into three stages. The first few meters constitute a "growth" stage where Q increases rapidly with x, indicating a rapid cascade of particle mobilization and entrainment into the air flow. This is followed by an "overshooting" stage, where Q maintains high values for several meters. In the "equilibration" stage over the last few meters, Q gradually decreases with x toward a constant value with insignificant streamwise gradient dQ/dx. However, our extended tunnel (even at 17 m long) is not long enough to detect the final equilibrium state are mobilized and lifted a small distance above the surface, kinetic energy is transferred from air to the particles. At impact, these saltating particles of higher kinetic energy eject or "splash" more particles into the air. Entrainment by this particle bombardment process quickly dominates over aerodynamic entrainment, initiating a rapid growth in the number of airborne particles and in Q(x). As more and more particles are entrained into the air, the air flow becomes significantly modified because of the additional transfer of momentum from the air to the surface by the particles themselves. Aerodynamically, the flow is undergoing a smooth-to-rough transition [Bradley, 1968; Townsend, 1976] , which has several effects. There is an increase in the downward momentum flux above the saltation layer, and thence the friction velocity and the slope of the mean velocity profile above the saltation layer, from (1). Also, the mean wind speed near the bed is reduced; this decreases the particle ejection rate, leading eventually to an equilibrium As overshooting is an important phenomenon in the development of saltation, a minimum tunnel length is required for wind tunnel measurements of Q to be comparable with measurements obtained by other methods, such as direct, undisturbed field measurements. In some previous wind tunnel studies [e.g., Leys and Raupach, 1991], short wind tunnels (of length about 6 m) were used. Therefore, there is a possibility that these studies overestimated the streamwise flux, because the measurements were made at a streamwise distance that coincidentally corresponds to the distance for maximum overshooting.
